The migratory history of the Japanese eel Anguilla japonica collected in Otsuchi Bay and the adjacent stream along the Sanriku Coast of Japan was examined using otolith microchemical analysis of strontium (Sr) and calcium (Ca) concentrations. X-ray intensity maps of Sr concentration in the otoliths showed that all specimens generally had a high Sr core at the center of the otoliths, which corresponded to the period of leptocephalus and early glass eel stages in the ocean, while line analysis of Sr : Ca ratios along the life-history transect of each otolith showed a peak (≈ 13-20 × 10 −3 ) between the core and elver mark. The mean Sr : Ca ratios from the elver mark to the otolith edge indicated eels of several general categories of migratory history, including sea eels that never entered freshwater (average Sr : Ca ratios > 6.0 × 10 −3 ) and estuarine eels that entered freshwater for brief periods, but returned to the estuary or bay (average Sr : Ca ratios 2.5-6.0 × 10 −3 ). This evidence of the occurrence of several migratory patterns in this northern area indicates that A. japonica has a flexible pattern of migration, with an ability to adapt to various habitats and salinities. Thus, migrations of anguillid eel into freshwater are facultative and not obligatory.
INTRODUCTION
The Japanese eel Anguilla japonica Temminck & Schlegel, is a catadromous fish. 1 The life cycle of A. japonica has five principal phases, which are the leptocephalus, glass eel, elver, yellow eel and silver eel stages. 2 The Japanese eel spawns in waters to the west of the Mariana Islands and their leptocephali drift within the North Equatorial and Kuroshio Currents to the continental shelves. 3 They leave these currents after metamorphosing into glass eels and have traditionally been considered to migrate up freshwater streams where they grow to the pre-adult silver eel stage. During the silver eel stage, their gonads begin maturing and they start their downstream migration into the ocean and back out to the spawning area where they spawn and die.
However, Tsukamoto et al. 4 examined otolith strontium (Sr) : calcium (Ca) ratios of Japanese eel from coastal areas adjacent to their typical freshwater habitats and found that those eels have never migrated into freshwater, spending their entire life history in the ocean. Furthermore, Tsukamoto and Arai 5 also used Sr : Ca ratios to find an intermediate type between marine and freshwater residents of A. japonica, which appear to frequently move between different environments during their growth phase. Furthermore, some of the European and American eels, Anguilla anguilla and Anguilla rostrata, were found to skip the freshwater phase after recruitment to the coastal waters and could mature in the sea or brackish water until the silver eel stage. 4, 6, 7 This discovery of marine ('sea eels') and estuarine ('estuarine eels') residents of these eels suggests that anguillid eels do not all have to be catadromous and calls into question the generalized classification of diadromous fishes.
The objectives of the present study were to: (i) accumulate biological information regarding the migration of the Japanese eel after recruitment to the coastal waters at the northernmost edge of their species range, the Sanriku Coast of Japan, where there is little available information concerning its migration; and (ii) gather information regarding habitat use of the eels by determining the individual migratory histories using otolith microchemical analysis of Sr and Ca concentrations. Fig. 1 ). One specimen from the bay and 16 specimens from the adjacent stream were used in the present study, which were all in the yellow eel stage. The stream is influenced by the rising tide. The previously reported otolith data, 8 which are included for comparison, were from specimens collected with seines at the same site in Otsuchi Bay in July 2001. Thus, a total of 20 specimens (four specimens from the bay and 16 specimens from the adjacent stream) were included in the present study (Table 1) . Total length, body weight and gonadosomatic index (GSI) were measured. Species identification of each eel was carried out using polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) analysis of the mitochondrial 16 rRNA gene as described by Aoyama et al. 9 and all eels were confirmed to be A. japonica.
MATERIALS AND METHODS

Specimens of
Sagittal otoliths were extracted from each fish, embedded in epoxy resin (Epofix; Struers A/S, Radovre, Denmark) and mounted on glass slides. The otoliths were then ground to expose the core, using a grinding machine equipped with a diamond cup-wheel (Discoplan-TS; Struers) and polished further with 6 µm and 1 µm diamond paste on an automated polishing wheel (Planopol-V; Struers). Finally, they were cleaned in an ultrasonic bath and rinsed with deionized water prior to examination. For electron microprobe analyses, all otoliths were Pt-Pd coated by a high vacuum evaporator. Life-history transect analysis of Sr and Ca concentrations in all specimens was measured along a line down the longest axis of each otolith from the core to the edge using a wavelength dispersive X-ray electron microprobe (JXA-8900R; JEOL, Tokyo, Japan) as described in Arai and Tsukamoto 10 and Arai et al. 11, 12 Calcite (CaCO 3 ) and strontianite (SrCO 3 ) were used as standards, and the accelerating voltage and beam current were 15 kV and 1.2 × 10 −8 A, respectively. The electron beam was focused on a point 10 µm in diameter, with measurements spaced at 10 µm intervals.
X-ray intensity maps of both elements were made using the electron microprobe as described by Tsukamoto and Arai 5 and Arai et al. 8, 13 The beam current was 0.5 µA, counting time was 0.1 s, pixel size was 3.0 × 3.0 µm, the electron beam was focused on a point 1 µm in diameter, and the other analytical conditions were as for the life-history transect analyses. All otoliths from the 10 randomly selected specimens were used for both life-history transects and X-ray intensity map analyses.
Following the electron microprobe analysis, the otoliths were repolished to remove the coating, etched with 1% HCl and thereafter stained with 1% toluidine blue. The age of the specimens was determined by counting the number of blue-stained transparent zones as reported by Arai et al. 8 We calculated the average Sr : Ca ratios for the values outside the elver mark and, according to the criteria of Tsukamoto and Arai, 5 we categorized the specimens into 'sea eels' (Sr : Ca ratios > 6.0 × 10 −3 ), 'estuarine eels' (Sr : Ca ratios 2.5-6.0 × 10 −3 ) or 'river eels' (Sr : Ca ratios < 2.5 × 10 −3 ).
RESULTS
Otolith strontium distribution
Two-dimensional images of the Sr concentration in otoliths showed a remarkable variation among the specimens examined (Fig. 2) . However, the centers of the otoliths of all specimens had a high Sr area (red oval spot; ≈ 200-250 µm in long axis) that was surrounded by an elver mark that could be observed using a light microscope. This high Sr core was considered to correspond to the oceanic leptocephalus stage up to the early glass eel stage just after metamorphosis, which would be the part of the life history from the spawning grounds to coastal waters. 11 A sample from Otsuchi Bay and five of 16 stream samples (Fig. 2c) were characterized by a consistent light yellowish color (higher Sr concentration) from the otolith core to the edge. Most of the stream samples (nine of 16 specimens) showed a wide space of blueish color (low Sr) just outside the high Sr core that was surrounded by concentric rings having higher Sr concentrations (Fig. 2a) . Two stream samples were characterized by a yellowish color (higher Sr concentration) from the otolith core to the edge except for a narrow space of blueish color (low Sr) just outside the high Sr core (Fig. 2b) .
Life history transects
In all specimens examined, the otoliths had a high Sr central region that corresponded to the lepto- ) between the otolith core and out to approximately 150 µm that corresponded to the high Sr core that was visible in the 2-D images of Fig. 2 . The ratios in the otoliths of the eels before elver stage were similar among specimens, indicating that the migratory history was similar among specimens during the oceanic leptocephalus stage.
Outside of the high Sr : Ca core, there was a wide range of Sr : Ca values in the otoliths among specimens. A sample from Otsuchi Bay (Fig. 3) and five of 16 stream samples (Fig. 4c) had consistently high ranges of Sr : Ca values that were higher than 5 × 10 −3 (5.5 × 10 −3 −6.3 × 10 −3 ), suggesting a longterm residence in the sea or brackish environment with little or, more likely, no movement into freshwater.
Most of the stream samples showed changes in the Sr : Ca ratios that indicated a single movement from one saline habitat to the next (Fig. 4a) . These showed a temporary decrease in Sr : Ca ratio (< ≈ 3 × 10 −3 ) of between 200 and 700 µm along the radius and then returned to higher values (= ≈ 5 × 10 −3 ) out to the otolith edge. This pattern was consistent with the 2-D images shown in Fig. 2 . These specimens presumably swam upstream and settled in freshwater habitats before returning to the sea or brackish water until they were collected. The two other stream specimens each showed evidence of two relatively short periods of use of freshwater habitats at different times in their freshwater growth phases (Fig. 4b) .
Index of habitat use
In order to estimate the general habitat use of each specimen based on their mean Sr : Ca ratio values, we calculated an index for the duration of seawater residence as follows. As all specimens had experienced the same common oceanic life as a preleptocephalus, leptocephalus, metamorphosing larva and early glass eel, the values of the Sr : Ca ratio inside the elver mark could be excluded from each life-history transect (Figs 3,4) according to Tsukamoto and Arai. 5 The average Sr : Ca ratios outside the elver mark ranged from 3.0 × 10 −3 to 6.3 × 10 −3
( Fig. 5) . Out of 16 specimens examined from the stream, estuarine eels were the most dominant (14) , and there were only two sea eels. In the present study, there were no specimens with the typical pattern of low Sr : Ca ratios observed in eels sampled in freshwater as reported previously, 5 which showed uniformly low Sr : Ca ratios all over their otoliths, except for the high Sr : Ca ratios around core. All specimens collected from the Otsuchi Bay in the present (one specimen) and previous 8 (three specimens) studies were confirmed to be sea eels ranging from 6.0 × 10 −3 to 6.7 × 10 −3 in the Sr : Ca ratios outside the elver mark (Fig. 5) .
DISCUSSION
The most significant finding of the present study was confirmation of the occurrence of resident sea eels that had never migrated into freshwater habitat in Japanese coastal waters near the northern edge of the distribution range of this species (Fig. 5) . A further significant result was the finding that estuarine eels constituted 75% of all specimens. However, an ordinary diadromous eel that had entered a freshwater habitat was not found. These findings strongly suggested that A. japonica has a flexible migration strategy with a high degree of behavioral plasticity and an ability to use the full range of salinity. A similar phenomenon was indicated in the otoliths of yellow and silver eels of A. japonica collected from the southern part of Japanese coastal waters. 4, 5 Otolith analyses of the yellow and silver eels of the European eel have also been found to show evidence of marine residency in the North and Balitic Seas. 4, 6 A similar phenomenon has also been found in the American eel Anguilla rostrata. 7 Therefore, migration into freshwater in the anguillid eels is not an obligate pathway but a facultative catadromy with seawater or estuarine residents as an ecophenotype.
The temporal patterns of otolith Sr : Ca ratios after arriving at the coastal region was varied among specimens showing three behavioral groups in the present study (Figs 3,4) : (i) continuous residence in sea or brackish water; (ii) residence in freshwater after recruitment, but returning to sea or brackish water; and (iii) short residence in freshwater and, thereafter, continuous residence in sea or brackish water. These complicated behaviors indicate that the habitat selection of the eel during its growth phase might be opportunistic, not obligatory. Selection of the growth habitat might depend on the food availability and the carrying capacity of the growth habitat. The rivers in Japan are small, providing limited freshwater habitats and, thus, most eels might grow in the coastal area. Nevertheless, we did not examine the eels in the upper reaches of the stream. In order to determine the population size among sea, estuarine and freshwater eels, systematic sampling along the river system for otolith microchemical analysis as an index of habitat use needs to be performed.
It is not clear why during the growth phase some eels migrate to freshwater and others do not. The occurrence of fish migration is generally explained by the existence of a difference in food abundance between marine and freshwater habitats, and Gross 14 proposed that diadromy occurs when the gain in fitness from using a second habitat minus the migration costs of moving between habitats exceeds the fitness from staying in only one habitat. Juvenile anadromous salmon use freshwater habitats at high latitudes with low productivity, and they migrate to higher productivity habitats in the ocean for growth before returning to freshwater for breeding. In contrast, catadromous freshwater eels that recruit at low latitudes might migrate upstream into freshwater habitats of higher productivity for growth before returning to the ocean for breeding. Further study using an analysis of otolith Sr : Ca ratio can be used to evaluate the potential for latitudinal variation in the distribution of sea eels and to begin to estimate their relative contributions to the spawning stock. 
